CIRCULATION COPY

SUBJECT TO RECALL UCRL- g3506
IN TWO WEEKS PREPRIN

The Effect of a Heated Atmosphere on the
Emittance of Black Chrome Solar Collector Pipe Surfaces

Thomas A. Reitter
Warren H. Giedt

This paper was prepared for submittal to
American Section of the International Solar Energy Society,
Phoenix, Arizona June 2-6, 1980

 March 21, 1980

This is a preprint of a paper intended for publication in a journal or proceedings. Since
changes may be made before publication, this preprint is made available with the un-
derstanding that it will not be cited or reproduced without the permission of the author.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor the
University of California nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or the University of California, and shall not be used for advertising
or product endorsement purposes.



AMERICAN 3zCTION OF INTERMATIOINAL S

Iy Qs

VCRL-§3506

'ABSTRACT

fThe total hemispherical emittance of the sur-}E

‘and after exposure to a heated humid or dry
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faces of solar collector pipes was measured .
in the temperature range 100-300°C before

air atmosphere. The first exposure to heated
air lowered the emittance of black chrome
surfaces about 20%. Similtar exposure in-
creased the emittance of bare steel signific-
antly, but had no effect on a nickel surface.
Subsequent exposures to heated dry or humid
air lowered the emittance of the black chrome
surfaces by lesser amounts, in what appeared
to be a limiting process. In all cases, the
emittance of the black chrome surfaces in-
creased strongly with temperature.

A possible explanation for the lowering of
the black chrome emittance is the oxida-
tion and subsequent outgassing of carbon
contaminants in the black chrome coating.
However, sufficient microscopic evidence to
verify this hypothesis is not available.

1. INTRODUCTION

An understanding of environmental effects on
the radiative properties of surfaces used in
solar collectors can be important in estima-
ting their long-term thermal efficiencies. :
An investigation of the effect of exposure [
to heated moist or dry air on black chrome i
surfaces was therefore undertaken. This ;
used an apparatus designed to measure the
total hemispherical emittance of pipes of .
1ength suitable for use in a prototype sol- !
ar collector. (1,2) The method used is a
'steady-state, calorimetric one, capable of :
measuring emittance as a funct1on of temper- !
ature. The large sample size distinguishes
it from the usual calorimetric measurements :
of small, flat samples. Since this method

is limited to large samples, it complements
rather than replaces the other methods.
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. The generally-accepted theory for the per-
formance of a composite selective surface
requires that the absorptive layer be thick
enough to absorb most of the radiation in
the solar spectrum, but thin enough to be
largely transparent to infrared radiation
so that the emittance is primarily that of
:the metal substrate. If the absorptive
:layer is too thick, the absorptance is not
,s1qn1f1cant1y affected but the emittance is
vincreased. (3,4)

.Black chrome has a complex microscopic struc-
ture; (3) Small chromium particles (e.g., ~
‘140 i) are surrounded by a matrix of chromium
;oxides, predomihately Crp03. These amorphous
imixtures of metal and semiconductor form par-
’ticles ranging from about 500 to 3000 A that
§make up a low-density structure.
fraction increases from the outer surface
iinward, from about 50% to as much as 90%.
A thickness of a micron or less is desired
‘for solar applications to allow the Tow
emittance of the metallic substrate to
dominate.

1Various theories have been developed that
,attempt to explain the optical properties of
iselective surfaces. (5,6) So far, however,
iit appears that actual selective surfaces
fare too complicated to be treated with suc-
‘cess. Even the preparation of surfaces of
known properties to allow comparison with
‘the theories has not been very successful.
Therefore for applications, the need for
em1ttance measurements will exist for some
‘time.

22. Experimental Apparatus

%
|

A schematic of the apparatus is shown in
’F1g. 1. (See Ref. 1 for details.) The

emittance of the test pipe, €7, is given
%approx1mate1y by i

Ao (T3-T3) Dy (_ -]) (1

€1 Pnet D2

- 1
-/

The chromium,
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Fig. 1: Schematic of emittance apparatus.

.The inner diameter of the Pyrex pipe was
15.2 cm, and a typical test pipe was 4.4
:em 0.d. and 343 cm long.
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where €2 is the emittance of the outer Pyrex
glass pipe (gp =0.85},
area, outer diameter and temperature of the
test pipe, D2 and Tp are the inner diameter
of the Pyrex pipe and its temperature, O is
the Stefan-Boltzmann constant, and Ppa¢ is
the net power radiated by the test pipe.

Ppet 75 calculated by subtracting the power
lost by other paths from the gross power in-
to the resistance heater. Equation (1) is
for infinite, concentric, isothermal cylin-
ders. However, it agrees to within 1% with
finite-element calculations that account for
the empirically-observed temperature qradient
on the ends of the test pipe, provided Ty is
replaced by an area-we1ghted average temper-
.ature. (1)

Use of this apparatus to study the effects
of heating and exposure to an atmosphere
brings with it advantages and limitations
similar to those for the emittance measure-
.ments themselves. Tests on small samples
can be better controlled and the samples can
be better characterized, but such work does
not yield results directly applicable to
coatings on actual pipes. With this appa-
ratus, data can be obtained on pipes at the
expected operating conditions.

' i

é3. Test Program

§Since many solar absorber surfaces are ex-
.posed to the ambient atmosphere, there are
‘many exposure conditions of interest. For
this initial study, it was decided to place
more emphasis on producing observable effects
‘rather than attempting the much more diffi-
cult task of explaining changes in emittance
in terms of changes in microscopic structure.

'
i

Ay, Dy and Ty are the !

1

+ The surfaces were plated on 4.4 cm diameter

mild steel pipes using the Harshaw black
chrome process. The conditions specified to
the plater were two pipes with 0.7 um black
chrome over 12.7 um nickel on steel, one
pipe with 0.7 ym black chrome over 12.7um
hard chrome on steel, and one with 12.7 um
nickel on steel. These thicknesses were

_ strictly nominal as there is generally no

© process.

way of measuring thickness during the plating .
No measurements of coating thick-
nesses on the test pipes were made. The

black chrome on nickel surfaces were de-

i scribed as the "optimum solar coating” by

" the plater.

In addition, one unplated ‘
steel pipe was subjected to the standard :
test sequence as a reference.

' Test surfaces were exposed to heated, humid

air for about 65 hours. This period proved |
sufficient to oxidize the bare steel pipe l
and increase its emittance significantly. !

The standard test sequence was the following:

T. Measure ¢ in vacuum at 4-6 pipe tempera-
tures.

2. Introdice water vapor to the system at am-
bient temperature, add dry air to aive 8%
water vapor. (This meant, for example,
18.7 torr water vapor and a total pressure
of 234 torr.) This corresponds to 100%
relative humidity at 40°C. }

3. Heat systemr to about 260°C for a total
time (including heat-up) of about 65
hours,

4. Repeat Step 1. Some pipes were subjected
to additional baking in dry air (same
total pressure, no water vapor) and sub-
sequent measurements of £(T); one pipe
was baked twice after exposure, then
exposed a second time to heated, humid
air.,

4, PDISCUSSION OF RESULTS

A straight 1ine fit to the data from each
series of runs was calculated by the method
of least sauares. (1) The results are shown
'in Figs. 2-4., The line parameters are giv-
en in Table 1. The error bars in the figures
are the random errors calculated for each
data point. The scatter of the data about

ithe lines is much less than the error bands.
i Thus the linear relationship of emittance
jand temperature, over the limited temperature
irange studied, is well established, with

the possible exception of the nickel-plated
‘pipe.

H

'The importance of accounting for the temper- .
|ature dependence of the emittance when de-
isigning solar collector systems is evident
§from these results. A surface with an ac-:
ceptable emittance {(e.g., 0.10) at ambient
'temperature may not be acceptable if operated
‘at 600“K with = 0.35.
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{ d i




£

4

3

Emittance, ¢

AMERICAN SECTION OF INTERNATICNAL 3O0LAR ENERGY SOCIETY. iNC. V=

0'50]lll]ll’!l]l'llITllTlTl.llll']

TTTTY

No. 1, before

No. 2, before

No. 3, before~
No. 1, after

No. 2, after
No. 3, after

0.45

0.40

0.35

0.30

0.25

0.20

lT'[llll]llll|llll||¥ll]1TII

No. 1: Blackchrome on nickel

ar Lo b e by beogg g

0.15 No. 2: Blackchrome on nickel
No. 3: Blackchrome on chrome
0100 saa v ot da v b g biiag
300 350 400 450 500 550 600
T-°K

Fig. 2: Comparison of the three black chrome
surfaces before and after the first exposure
to heated, humid air.
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"Fig. 3: Emittance of black chrome on &
bright chrome substrate before and after
repeated exposures to dry and humid air.

The slope of emittance versus temperature
(i.e., the coefficient "B" in Tab1e 1) is
typically of the order of 1-2 x 10-4 °k-1 ;
for most metals. The actual value depends i

= ron the location and shape of the transition
;o from high to low emittance. The temperature

~ dependence of black chrome emittance was
investigated analytically using a represen-
tative spectral reflectance curve for black
chrome. The results indicated that the major
factor in determining the slope of black
chrome in the temperature range of interest |
is simply the temperature dependence of the

blackbody distribution. . i

i i
The most remarkable result evident in Fig. l
3 is that exposure to a heated air atmosphere |——
"{moist or dry} always lowered the emittance
~of black chrome. Two points should not be
over1ooked, however. One is that the expo-
;sure was not extreme in duration, nor was it
severe in terms of temperature or relative
"humidity (when heated), especially consider-
iing possible exposures of pipes used in
ihighly concentrating solar systems. The
_other point is that other measurements (on

. small sections cut from test pipes) indicated
that the solar absorptance also decreased, an
;important result for the thermal efficiency
.of the collector.

:The emittance of the bare steel pipe, which
was visibly oxidized after one test sequence, !
;increased as expected. A commercially-gal- .
'vanized steel pipe (data not shown) also
'showed a significant increase in emittance
after exposure.

1

. |
© Table 1: Line Parameters Before and After

Exposure to Heated Air |

e(T) = A+BT ‘

A B
(10-4 =¢-1) COMMENTS

;=027 2.25 nickel, before exposure
; =<005 1.77 after exposure to humid air
. ~.186  1.97 Dbare steel, before expousre
: =.202 11.7  after exposure to humid air
~.166 10.8 "No. VT {bc/nickel} before
-.161  9.09 after exposure to humid air
-.178 10.3 " No. Z (bc/nickeT), before "‘7
| =126 8.08 after exposure to humid air
i -.148  8.32 after exposure and after
baking in dry air
-.125 9,09 No. 3 {bc/chrome), before
; =-118 7,79 after exposure to humid air
P =.122  7.72 after baking in dry air
{-.126 7.65 after second baking
-.112  7.32 after two bakings, second
. exposure to humid air

Typical relative errors from least squares
method: B (+ 2%, except for nickel, *7%);
A (+7%, except mcke'l + 60%); maximum
relat1ve error in ¢ (+ 2-3%).
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{The Tow pre-exposure emittance for the nickel
‘(Fig. 4) compared to the pre-exposure results
:for the black chrome pipes indicates that the
‘substrate did not determine the emittance.
’The most 1ikely explanation for this is that
‘the black chrome was too thick. Not only
idoes increased thickness lead to increased
‘emittance, but the slope also increases. (7)
|The s]ope of € versus T for all the black
‘chrome pipes was at least 10% lower after the
first exposure to a heated atmosphere.

‘It was originally expected that exposure to
hot, humid air would cause oxidation of some
of the chromium in the black chrome, or at
Jeast adsorption of water vapor. Either of
‘these changes was expected to {ncrease the
emittance, although this conclusion is cer-
tainly model-dependent.

Electron spectroscopy for chemical analysis
performed on small test coupons attached to
some of the test pipes did not show any evi-
dence of the oxidation of the chromium.
Only Crp03 was observed before and after
exposure. ESCA only observes the first 5-7
atom layers, so changes in stoichiometry,
morphology and crystallization remain pos-
sibilities. Scanning electron microscopy
showed removal of surface debris, but no
significant changes.

The possibility that adsorption of water
might occur due to exposure to a heated,
humid atmosphere was eliminated by a con-
current black chrome outgassing study. (8)
This showed that water vapor was driven off
rather than adsorbed at ambient and elevated
temperatures.

More importantly, no change in emittance was
‘observed for a black chrome pipe used for
‘preliminary runs and heated in vacuum for
several months prior to its first exposure
to a heated atmosphere. By contrast, a pipe
that had been painted with a high-tempera-
ture black paint outgassed considerably

when heated in vacuum and showed a definite
sharp decrease in emittance after reaching
outgassing equilibrium.

Since heating in either moist or dry air’
produced an initial large (16-20%) decrease
in emittance, and the decreases approach a
1imiting value upon subsequent heating in
air, the possibility of a reaction with
oxygen suggests itself. This could be by
the formation of CO or CO2 from the carbon
in the organic acids and additives used in
the plating process.

The presence of a dielectric such as carbon
‘or its componds would be expected to increase
the emittance of any low-emittance surface.
Such contaminants might also contribute to
the high solar absorptance.
removal should therefore lower both emittance
and_absorptance, as observed. An alternative

Their subsequentif

| plated pipes before and after exposure to
.heated humid air. Published data for
'p011shed mild steel and oxidized nickel are
"from (10); published data for oxidized steel
is too high to show on this plot.

way of describing the observations is that
exposure to heated air somehow makes a black
chrome layer, which was initially too thick
optically, more transparent in the infrared,
allowing the metal substrate to become more
of a factor in the emittance. A reduction
in the infrared absorptance of the black
chrome would reduce the solar absorptance
slightly. If, on the other hand, the black
chrome layer were of optimum thickness, the
emittance would be controlled much more by
the substrate and driving off of carbon
should not Tower the emittance as much.

Carbon is a known, although generally neg-
lected, contam1nant of plated black chrome.
A recent study of outgassing of black chrome
jshowed considerable amounts of carbon and
1its oxides. (8) This was for black chrome
iplated by the DuPont process. Black chrome
plated by the Harshaw Chemical process (used
.for our test pipes) is however, believed to
.contain less carbon than DuPont black chrome.

[
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Questions remain about the quantity of carbon
required to account for these effects, as
well as its form and location in the coating.
Auger sputtering suggests that carbon may be
as much as a few percent of some black chrome
coatings. (9) Also, it is still difficult to
explain the need for an atmosphere, as Beat
observed considerable outgassing of carbon
even at ambient temperature for DuPont

black chrome. (8)

Lampert's work on the effect of heating on
emittance and absorptance showed significant
reduction in both properties after heating
for 100 hours at 300°C, both in vacuum and
in dry air. (3) His samples were thinner
(0.5 micron) than the coatings on our pipes.
This may have facilitated the oxidation of
carbon by trapped oxygen and its subsequent
removal even when heated in vacuum.
5. CONCLUSIONS
e The total hemispherical emittance of the
black chrome surfaces studied increased
stronaly with temperature.

e Heating in vacuum at temperatures to 270°C
for hundreds of hours did not signifi-
cantly change the emittance of the black
chrome coatings studied.

e A first heating in moist (8%) or dry air
at 260°C for about 65 hours Towered the
emittance of black chrome significantly
(e.g., as much as 20%); subsequent expo-
sures to such a heated atmosphere lowered
the emittance less and less, approaching
a limiting Tine.

o The mechanism for this decrease in emit-
" tance is not clear. It appears by its
nature to be the result of an outgassing
or other limiting process. The requirement

for air suggests oxidation of a contaminant;

carbon appears to be the most 1ikely one.
An alternate, or possibly concurrent,
process may involve changes in the black
chrome structure. Additional work on a
microscopic level is necessary.
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